Abstract: In our work, a monolithic integration of RF filter SAW, on a semiconductor substrate such us Si or GaAs is highly desirable to miniaturize the outer dimensions and introduce the new functionalities of the cellular phones. But, direct monolithic integration of SAW filters is impossible with Si which is non piezoelectric and difficult with GaAs which is weakly piezoelectric. One alternative is the deposition of a piezoelectric film on the semiconductor substrate. We propose a modified coupling of modes (COM) approach, which can be used in the practical design of a layered ZnO/Si surface acoustic wave filter. We present an analysis and realisation of a ladder-type SAW filter using six resonators. The filter will be developed on a structure with three layers of a ZnO film and aluminium (Al) electrodes on a silicon (Si) substrate in the 930-960MHz frequency band range. This is a dispersive SAW layered filter, and some of the COM parameters become frequency dependent due to the phase velocity dispersion. The frequency response of the 3 step (6 resonators) ladder type IDT/ZnO/Si SAW filter is analysed and compared with the experimental results. This transfer function confirms that it is possible to integrate on Si substrate the filters use for GSM and DECT systems.
A. Introduction
Recent developments in personal communications systems have underlined the need for RF filters that exhibit the following characteristics: small size, ruggedness, reproducibility, reliability, power efficiency, and high production volume at a low cost. The frequency response of the Surface-acoustic-wave (SAW) devices is in the 40 MHz to 3 GHz range, which makes them suitable for cellular telephones and satellite communication systems. A new class of SAW filters is being developed which is based on the use of one port SAW devices as building blocks connected electrically in networks of ladder type [1] , balanced bridge scheme, etc. There are experimental as well as theoretical investigations on layered SAW filters with ZnO on a GaAs substrate [2] . Visser [3] presents the SAW resonator of intermediate frequency of 160 MHz based in a ZnOSiO 2 -Si structure. In this paper we describe a ladder type filter using six SAW resonators and built up on a two layers structure ZnO/Si with IDT in Aluminium.
We first describe the coupling of modes (COM) model approach used for analysis of one port SAW resonator. Compared with other models for the design and analysis of SAW devices, the coupling of modes (COM) model provides an efficient and highly flexible approach for modelling various types of electrodes, and has been used widely in modelling no dispersive SAW devices for many years [4] . Parameters of the COM differential equations are usually obtained by measurements or by borrowing from same related theoretical modelling [5] .
Recently, some precise numerical tools to analyse SAW properties, and further, calculate the COM parameters have been proposed [6] .
B. COM model for SAW filter
Consider the single -electrode IDT with periodicity 2p, a length L and N pairs of electrodes as shown in Fig.1 . The origin of the x axis is at the centre of the electrode at the left end. If we denote the particle velocities of the forward going and backward going surface acoustic waves by R(x) and S(x) , respectively, the differential equations on the mode amplitudes R(x) , S(x), the voltage V, and the bus bar current I(x) can be expressed as follows [7] : respectively [8] . These relationships were derived [8] ( )
where 2 k is the electromechanical coupling coefficient, H m is the metal film thickness and λ is the acoustic wavelength. The first terms on the right side of both (3c) and (3d) represent the piezoelectric loading effect, and the two right most terms represent the mechanical loading effect.
B.1.1. The electrical and mechanical perturbation terms
The electrical perturbation terms D k and R k can be written as
where P v (x) is the Legendre function of order v and η is the metallization ratio (see B.11 and B.14 in [8] ).
The mechanical perturbation terms are [8] 
where ρ is mass density, 1 α and 2 α characterize the overlay material. U i and ϕ represent magnitude and phase of the free surface mechanical displacements and electrical potential [8] .
We can replace The coupling coefficient κ depends on the squared phase velocity. We note that the displacements, the surface electrical potential and the electromechanical coupling coefficient of the surface wave are frequency dependent in a ZnO/Si SAW structure.
The transduction coefficient ζ which is responsible for the excitation efficiency of the IDT can be derived as [7] :
where Cp is the static capacitance per IDT finger pair given by,
where η is the finger width to grating period ratio, η = a/p , and K(x) is the complete elliptic integral of the first kind .
Owing to the dispersive nature of the M 1 mode, the transduction coefficient which depends on the square root of ω times the electromechanical coupling coefficient K 2 is a quite complicated function of the frequency.
The effective permittivity of a layered piezoelectric structure [9] was used to calculate the velocity and the electromechanical coupling coefficient (Fig.3.) . Fig.4 . is the calculated phase velocity dispersion of the first five SAW modes M 0 to M 4 of the ZnO/Si structure with the shorting plane at the ZnO and Si interface . The horizontal axis is the frequency -ZnO layer thickness product fh ZnO . ZnO is the single piezoelectric material which has been successfully fabricated on a Si substrate as a film and has shown an excellent piezoelectricity. The electromechanical coupling coefficient K 2 of a piezoelectric medium can be approximated as
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where v m is the surface wave velocity with metallized surface and v 0 is the free surface wave velocity defined as before. Fig.5 shows the calculated electromechanical coupling coefficients for the five SAW modes. We used the second mode M 1 which goes to a maximum 5.5 %, and for which the phase velocity is presented in Fig.4 . 
B.2. Transmission matrix of resonator
Consider the one port SAW resonator composed of one IDT between two shorted metal strip arrays at two ends of the propagation path.
By combining each equivalent circuit of the IDT, propagation paths and reflectors, the complete equivalent circuit of the SAW resonator can be obtained, as shown in Fig.6 . If we put T as the entire transfer matrix of the resonator, T ij can be obtained by cascading connection of the matrix for each element:
where Q T , Q R , Q G are the transfer matrices for the IDT, the reflector and the free surface distance, respectively. This [T] relates the input quantities to the output quantities:
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where all equations parameters of [Q R ] and [Q T ] can be found in [7] .
By applying the appropriate boundary conditions R 1 = 0 at x= x 1 , and S N+1 = 0 at x=x 2 , we can obtain the admittance of the one-port SAW resonator is given by,
Using this equation giving Y, various effects of parasitic and matching elements could be taken into account in the simulation.
C. Application to ZnO/Si SAW ladder filter analysis
Our modelling was applied to the 3 step ladder ZnO /Si SAW filter shown in Fig.7a . The design parameters of the series and parallel resonators are given in Table 1 . The series resonators have a slightly higher resonant frequency than that of the parallel ones in order to realize a band -pass characteristics. Fig. 7b presents our theoretical and experimental results. We obtained the experimental frequency response without the use of external inductors or capacitors for impedance matching to 50 Ω. This filter had a center frequency of 945 MHz, a minimum insertion loss of 1.5 dB and a stop-band attenuation greater than 30 dB in the frequency range below that of the pass-band. Inside the bandwidth, the experimental insertion loss of the filter exhibits two dips around 935 MHz and 950 MHz. This is probably due to the parasitic elements not introduced in the theoretical modelling (the inductance connected to the parallel and series resonators, and the capacitance to the input port, the capacitance to the output port, and the capacitance in between each resonator of the filter).All these parasitic elements may explain the discrepancy between the experimental and calculated results. A better theoretical response in the bandwidth of the filter would require optimizing the design, in particular with both non identical series resonators and non identical parallel resonators.
D. Conclusion
In this paper, we proposed a COM approach that includes the SAW dispersion effects to calculate the frequency response of a layered ZnO/Si SAW filter. The effective permittivity approach was used to calculate the frequency dependencies of the electromechanical coupling coefficient, displacements and electrical potential of surface waves in the layered system. The frequency dependencies of the COM parameters have been calculated and the theoretical and experimental results for a 3 -step ladder type ZnO/Si SAW filter have been given. They clearly show that the dispersive effect has to be taken into account in the design. A further improvement of the modelling would be to introduce all the parasitic elements.
